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ABSTRACT
Vertical Electrical Impedance Measurements on Concrete Bridge Decks Using a
Large-Area Electrode
Jeffrey David Barton
Department of Electrical and Computer Engineering, BYU
Master of Science
In regions where chloride-based deicing salts are applied to bridge decks, corrosion of the
interior steel reinforcement is a major problem. Vertical electrical impedance (VEI) is an
effective measurement technique to quantitatively assess the cover protection on bridges against
aggressive chemical penetration of reinforced concrete. In its current form, traditional vertical
electrical impedance is time-consuming and destructive because a direct connection to the
reinforcing steel is required to provide a ground reference. A new method using a large-area
electrode (LAE) permits VEI measurement without a direct electrical connection to the steel
reinforcement. The LAE creates a nondestructive, semi-direct, low impedance connection
between the measurement electronics and the reinforcing steel.
In this work, numerical simulations are performed on common electrode arrangements to
demonstrate the effectiveness of the LAE when significant variations in concrete conductivity
exist. Physical experiments of a large-area electrode are carried out in the laboratory and field to
validate the numerical simulations and to provide additional comparisons with the traditional
tapped steel reinforcement method. The results of this study are a set of important design
considerations for VEI utilizing a LAE to connect to the underlying rebar. Using these design
considerations, the large-area electrode method was validated using both an analytical and a
finite-element model, laboratory experiments, and field experiments on two bridges in Utah. The
validation results indicate the LAE can replace the direct connection to the reinforcing steel. As a
result of this work, a multichannel VEI scanner which uses the LAE method was built which can
provide VEI information for bridge engineers and managers to better rehabilitate deteriorating
reinforced concrete.
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1.1

INTRODUCTION

The Problem
Bridges are integral to highway infrastructure, but in 2015 nearly 11.5% of bridges in the

United States were reported to be structurally deficient [1]. The bridge deck, shown in Figure 1,
accounts for more than half of bridge maintenance expenditures in the United States [2]. Better
tools are needed to rapidly and accurately quantify the extent and severity of damage to decks
without requiring lane closures [2].

Figure 1: View of bridge with deck element highlighted in red. The deck is shown from the top and the side.

Concrete bridge decks are the most susceptible to deterioration due to exposure to
chloride-based salts common in cold regions and coastal areas [3-6]. Chloride ions are naturally
abundant in coastal areas but also originate from deicing materials that are spread on bridge
decks in cold regions to enhance safety [5, 7]. While the rebar is naturally protected by the
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surrounding concrete, shown in Figure 2, chloride ions destroy the natural passivity of the steel
rebar in concrete, which then allows corrosion to occur, shown in Figure 3 [6, 8-12]. The
corrosion product, rust, is two to six times larger in size than the parent steel [6, 8, 10]. This
oxide growth introduces significant tensile stress inside the concrete deck [6, 8, 10]. Damage
from tensile stress includes cracking, delamination, and spalling, which then can result in
increased chloride ingress, shown in Figure 4 [10, 12-15].

Figure 2: (a) Cross section, and (b) angled view of concrete deck with no signs of corrosion.

Figure 3: (a) Cross section, and (b) angled view of concrete deck with corrosion of the reinforcing steel.
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Figure 4: (a) Cross section, and (b) angled view of concrete deck with severe corrosion of the reinforcing steel and
visible damage including delamination, cracking and spalling.

Protecting steel reinforcement against chlorides is critical to maintain bridge performance
and minimize lifecycle costs. To extend deck service life, engineers use many preventative and
rehabilitative techniques, including low-permeability concrete, sufficient concrete cover depth,
epoxy coatings and/or galvanization of the steel and a variety of bridge deck surface treatments
[10]. Post-construction treatments are expensive and disruptive to traffic. To optimize the
selection and timing of treatments, managers require accurate and up-to-date information about
the current protection offered to the steel reinforcement. However, this information can be
difficult to obtain. For example, on the decks shown in Figures 2-4, the interior damage would
not be apparent in a simple visual inspection of the surface. Because this information is not
easily obtained, specialized equipment is required to quantify the rebar’s protection against
chloride ingress. The lack of such information severely limits the ability to prescribe the right
treatment at the right time [3].
Current techniques for deterioration evaluation include the following: ground-penetrating
radar, acoustic sounding, half-cell potential, horizontal resistivity, and chloride concentration
depth profiles [6, 8, 9, 12]. Ground-penetrating radar uses electromagnetic waves to locate
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objects in the deck cover, such as rebar [3]. It can produce maps of subsurface features which are
used to assess the condition of a bridge deck [3]. Acoustic sounding, or impact echo, uses the
acoustic response of the concrete to detect delaminations in the concrete [3]. Half-cell potential
is an electrochemical technique which quantifies the reinforcing steel’s level of active corrosion
[3]. Horizontal resistivity quantifies the impedance of the near-surface layers of the deck cover
[3]. The near-surface impedance provides information about the level of protection against
chloride ingress/chloride concentration, but only near the surface [3]. Chloride concentration
depth profiles are a set of concrete samples at different layers of the concrete removed for lab
analysis of the chloride content. The profiles directly quantify the level of chlorides at various
levels. With the exception of ground-penetrating radar, which cannot assess the penetrability of
cover protection, but can be carried out at high speeds, these other techniques are slow and
expose technicians to live traffic. However, all of these methods are non-destructive with the
exception of chloride concentration depth profiles. They also all have varying sensitivity to
important parameters associated with reinforcement deterioration. None can directly quantify the
protection afforded the rebar against chloride ingress.
Vertical electrical impedance (VEI) testing is a method that was developed specifically for
quantifying the level of rebar protection against chloride ingress. Previous research has shown
that VEI correlates well with chloride concentration, half-cell potential, and delamination
measurements [7, 16, 17]. While early VEI test equipment performed single-channel data
collection with static probes that were suitable for obtaining point measurements in selected
locations on a bridge deck, the current equipment performs continuous multi-channel data
collection with sliding probes towed behind a vehicle that enables rapid VEI scanning of entire
decks [7, 16, 18]. However, a significant operational difficulty associated with VEI testing has
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been establishing the required rebar tap, as a ground reference; at least one direct connection to
the top mat of rebar is needed in each electrically discontinuous deck section, as shown in Figure
5. Tapping the rebar for VEI testing involves 1) locating the underlying rebar, 2) coring or
drilling through any deck surface treatments and the concrete cover, 3) drilling and tapping the
rebar, and 4) patching the hole after measurements are complete. Not only is this process
destructive and time-consuming, especially if a bridge requires multiple taps, but it also requires
management of a wire that must be run from the tap to the VEI testing equipment.

Figure 5: VEI using the traditional method. A guarded probe is placed on a wetted deck surface. A direct rebar
connection is made through the hole.

1.2

The Solution
As described in this work, the use of a large-area electrode (LAE) can potentially remove

the need for a rebar tap and therefore significantly simplify and accelerate the VEI testing
process, as shown in Figure 6 [7, 18]. An LAE, which slides along the deck surface with the VEI
probes during testing, is designed to provide a semi-direct connection to the top mat of rebar.
Given that the size and position of an LAE may impact its performance, these parameters were
investigated in this research through numerical modeling and laboratory and field
experimentation. The specific objective of the research was to develop both theoretical and
practical guidance for the design of an LAE for VEI testing and verify through laboratory and
field work that the LAE can replace the tapped connection.

5

Figure 6: VEI using the LAE method. The only difference is the large-area electrode, which is placed on the deck
surface over shared reinforcing steel. The electrode’s large area creates a semi-direct low impedance to the
reinforcing steel.
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2

2.1

BACKGROUND

Vertical Electrical Impedance
The utility of VEI for quantifying the level of rebar protection against chloride ingress in

reinforced concrete is based on a relationship with electrical resistivity, which is a measure of the
degree to which a material opposes the flow of electrical current. Concrete characterized by high
or low electrical resistivity exhibits high or low resistance, respectively, to chloride ion
penetration [7, 9, 12, 16, 19]. Quantitatively, electrical impedance (𝑍) is directly proportional to
electrical resistivity (𝜌), modified by the effective cross-sectional area (𝐴) and effective length
(𝐿) as shown in Equation 1 [9, 19].
𝑍=𝜌

𝐿
𝐴

(1)

With respect to concrete bridge deck testing, VEI is a measurement of the impedance of all
layers between the deck surface, on which the counter electrode (CE) is placed, and the top mat
of rebar, which acts as the working electrode (WE), as shown in Figure 7. In VEI testing
involving a rebar tap, an alternating potential is applied to the deck surface through the CE, and
the current through the CE is measured; the rebar tap provides a ground reference for the
measurement.
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Figure 7: Cross-section of a model showing a VEI testing configuration with a rebar tap (direct connection).

For the configuration illustrated in Figure 7, the VEI measurement effectively involves five
separate impedances that are added in series: 1) the impedance of the tap from the electronics to
the rebar (𝑍𝑇 ), 2) the impedance of the rebar mat between the tapped connection and the rebar
directly under the measurement probe (𝑍𝑅 ), 3) the impedance of the deck cover (𝑍𝐶 ) as a
combination of impedances of any rebar coatings (𝑍𝑅𝑒𝑏𝑎𝑟 𝐶𝑜𝑎𝑡𝑖𝑛𝑔 ), the concrete (𝑍𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒 ) over
the rebar, and any deck overlays (𝑍𝑂𝑣𝑒𝑟𝑙𝑎𝑦 ) that may be present on the deck, as represented in
Equation 2, 4) the impedance of the thin water layer between the deck surface and the
measurement probe (𝑍𝑊 ), and 5) the impedance of the electrode-electrolyte interface between the
probe and the pore water on the deck surface as modeled as a constant-phase element, denoted
by 𝑍𝐶𝑃𝐸 . The total impedance of the system is thus a combination of these five impedances as
shown in Equation 3, and in the schematic of Figure 8.
𝑍𝐶 = 𝑍𝑅𝑒𝑏𝑎𝑟 𝐶𝑜𝑎𝑡𝑖𝑛𝑔 + 𝑍𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒 + 𝑍𝑂𝑣𝑒𝑟𝑙𝑎𝑦

𝑍𝑇𝑜𝑡𝑎𝑙 = 𝑍𝑇 + 𝑍𝑅 + 𝑍𝐶 +𝑍𝑊 + 𝑍𝐶𝑃𝐸
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(2)
(3)

Figure 8: Circuit schematic of a traditional vertical impedance configuration.

Because of the capacitive contribution of the electrode-electrolyte interface between the
electrodes and water layer on the deck surface, the electrical impedance of the deck cover is
measured instead of the electrical resistance [20-24]. The impedance of the electrode-electrolyte
interface is often modeled as a constant phase element according to Equation 4, where 𝑌0 is the
interface admittance, 𝛽 is a frequency exponent, and 𝜔 is the frequency [22, 24, 25].
𝑍𝐶𝑃𝐸 =

1
𝑌0 (𝑗𝜔)𝛽

(4)

At this interface, as the measurement frequency increases, the impedance decreases. An
appropriate measurement frequency is therefore selected for the system so the impedance of the
constant phase element is a negligible contribution to the overall impedance measurement. For
VEI testing of bridge decks, the minimum measurement frequency is on the order of 102 Hz [26].

2.2

Guard Ring and Effective Probe Area
Because the impedance of the deck cover (𝑍𝐶 ) is geometrically related to the electrical

resistivity, the measurement area must be approximately known to correctly interpret the
impedance measurement; the measurement area can vary greatly, especially if conductive
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liquids, such as water, are used to electrically couple the CE to the deck surface, as shown in the
Figure 9.

Figure 9: Unconstrained measurement area of deck cover, where green lines represent electrical current from the
CE.

To confine the measurement area, a secondary electrode is placed as a guard ring (GR)
around the CE, as shown in Figure 10. The GR applies a potential to the deck surface that
follows the potential applied at the CE. Horizontal current flowing away from the CE is
minimized by the GR, and current from the CE to the underlying WE then travels in a
substantially vertical direction [21, 25, 27]. The small gap (g) shown between the CE and GR in
Figure 10 allows current to travel horizontally through the water before travelling vertically to
the WE. Assuming that the perimeter of the effective measurement area is located half way
across the gap, the effective measurement area (𝐴𝐸𝑓𝑓 ) can be estimated for a circular probe with
radius r according to Equation 5 [28, 29].
𝑔 2
𝐴𝐸𝑓𝑓 = 𝜋 (𝑟 + )
2

For a given probe configuration, the effective measurement area is therefore approximately
known and remains relatively consistent across measurements.
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(5)

Figure 10: Constrained measurement area of deck cover using a GR, where green lines represent current from the
CE and red lines represent current from the GR.

While the total impedance of the system is a combination of five impedance values as
previously explained, VEI testing is mainly sensitive to the impedance of the deck cover (𝑍𝐶 ).
The values of 𝑍𝑇 and 𝑍𝑅 are both low, especially on bridge decks with uncoated rebar, due to the
very low resistivity of metal, and the values of 𝑍𝑊 and 𝑍𝐶𝑃𝐸 are also low due to the very low
resistivity of water and the careful selection of the measurement frequency [26]. Therefore, in the
tapped VEI testing configuration, all impedances can be considered to be negligible in
comparison to that of the deck cover.

2.3

Tapping Process
Tapping rebar is a difficult process which requires specialized equipment. In this section,

the process of tapping rebar is shown for a bridge deck with an asphalt overlay—the most
difficult type of bridge deck. The following series of images, provided by Dr. Spencer Guthrie,
were taken from three different bridge decks and combined to show the entire process. A cross
section of the bridge deck is shown in Figure 11 to show the various layers that need to be
removed to create the tap.
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Figure 11: Layers of a bridge deck with an asphalt overlay and a membrane which need to be removed to create a
rebar tap.

First, the rebar must be located using either a cover depth meter, or ground penetrating
radar if an asphalt overlay is present, shown in Figure 12. Once the rebar is located, it is marked
with paint, shown in Figure 13. Paint is used so the markings don’t wash away during the coring
process.

Figure 12: Locating rebar with a ground penetrating radar unit.

Figure 13: Marking the location of the rebar with spray paint.
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After locating the rebar, the asphalt overlay, membrane (if present) and concrete are
removed using a hitch mounted core drill, shown in Figure 14. This will remove a majority of the
deck cover over the rebar. This step is only required for a bridge deck with an asphalt overlay.
To remove the final layers of concrete above the rebar, a hammer drill is used to drill through
several inches of concrete, shown in Figure 15. When no asphalt overlay is present, a hammer
drill is used to drill from the surface of the deck down to the rebar.

Figure 14: A core drill to remove the deck cover.

Figure 15: Drilling through concrete to expose the rebar.
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Once the final layers of concrete are removed with the hammer drill, the rebar is finally
exposed, shown in Figure 16. Once the rebar is exposed, a metal rod with a sharp tip is stuck into
the rebar with weight placed on top to stabilize the connection, shown in Figure 17. While a
formal tap can be made by drilling a hole into the rebar, threading the hole and installing a screw,
this requires additional time and is usually done when a permanent tap is being installed.

Figure 16: Exposed rebar in the right shallow hole.

Figure 17: A wire connected to the exposed rebar.

After testing is complete, the hole is patched through the following process. The concrete
is patched with non-shrink grout, shown in Figure 18. An asphalt sealant is applied over the
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patched concrete for waterproofing, shown in Figure 19. The rest of the hole is filled with an
asphalt patch material, shown Figure 20. The patch material needs to be compacted and
smoothed, so a heavy rod is used to pound the asphalt patch material into the hole, shown in
Figure 21. Compacting the asphalt patch material requires a fair amount of physical strength and
endurance. Once compacting is completed, the hole is successfully patched, as shown in Figure
22.

Figure 18: Patching the concrete.

Figure 19: Applying an asphalt sealant to the new concrete.
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Figure 20: Filling the rest of the hole with an asphalt patch material.

Figure 21: Pounding the asphalt patch to compact the material.

Figure 22: The completed patching process. The hole has been repaired.

Despite the difficulty of tapping the rebar, often two taps are required on a single bridge
deck segment, especially for longer bridge decks. Longer bridge decks are broken up into smaller
16

segments with a small gap between the segments to allow for thermal expansion. Rebar is not
continuous across bridge deck segments so if the deck contains more than one segment,
additional taps are required. This entire process is repeated for each tap.
Tapping the rebar is extremely time-consuming, physically demanding, requires special
equipment and is destructive to the bridge deck.
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3

3.1

THEORY

Large-Area Electrode
When VEI testing is performed using an LAE, the LAE is placed on the deck surface as

shown in Figure 23. Because impedance is inversely proportional to electrode area, as shown in
Equation 1, the LAE creates a semi-direct connection with negligible impedance. When the tap is
replaced with the LAE, the impedances between the LAE and the WE replace the impedance of
the rebar tap, which changes Equation 3 to Equation 6, in which 𝑍𝐶𝑃𝐸,𝐿𝐴𝐸 is the impedance of the
electrode-electrolyte interface between the deck surface and the LAE, 𝑍𝑊,𝐿𝐴𝐸 is the impedance of
the water between the LAE and the deck surface, 𝑍𝐶,𝐿𝐴𝐸 is the impedance of the deck cover
between the WE and the LAE, 𝑍𝑅 is the impedance of the rebar mat between the LAE and the
CE, 𝑍𝐶,𝐶𝐸 is the impedance of the deck cover between the WE and the CE, 𝑍𝑊,𝐶𝐸 is the
impedance of the water between the deck surface and the CE, and 𝑍𝐶𝑃𝐸,𝐶𝐸 is the impedance of
the electrode-electrolyte interface between the deck surface and the CE. A schematic of Equation
6 is shown in Figure 24.
𝑍𝑇𝑜𝑡𝑎𝑙 = 𝑍𝐶𝑃𝐸,𝐿𝐴𝐸 + 𝑍𝑊,𝐿𝐴𝐸 + 𝑍𝐶,𝐿𝐴𝐸 + 𝑍𝑅 + 𝑍𝐶,𝐶𝐸 + 𝑍𝑊,𝐶𝐸 + 𝑍𝐶𝑃𝐸,𝐶𝐸
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(6)

Figure 23: Cross section of a model showing a VEI testing configuration with an LAE (semi-direct connection).

Figure 24: Simple circuit of VEI with a LAE.

Just as with the use of a tap, all impedances except that of the deck cover are negligible.
Assuming a constant deck cover thickness (𝐿𝐶 ) and deck cover resistivity (𝜌𝐶 ), the impedance
relationship between 𝑍𝐶,𝐿𝐴𝐸 and 𝑍𝐶,𝐶𝐸 is only dependent on the relationship between the areas of
these two electrodes. If the area of the LAE is significantly larger than the area of the CE, then
the deck cover impedance under the LAE will be significantly smaller than the deck cover
impedance under the CE. Under these conditions, the VEI measurement is dominated by the
deck cover impedance under the CE as shown in Equation 7.
𝑍𝑇𝑜𝑡𝑎𝑙 ≈ 𝑍𝐶,𝐶𝐸 ⇔ 𝐴𝐿𝐴𝐸 ≫ 𝐴𝐶𝐸 .
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(7)

Use of an LAE connection has several advantages relative to use of a tapped connection,
including a significant reduction in testing time by eliminating the tapping process, which allows
for VEI testing to be completely non-destructive, and the measurement apparatus can move
freely on the deck surface without a physical connection to the rebar. However, use of an LAE
connection also introduces several factors that can potentially affect measurement accuracy.
These factors include the effective area of the VEI measurement probe, the separation distance
between the two electrodes, and the area ratio of the two electrodes. The effective area is the area
of measured deck cover under the CE. The electrode separation distance is the spacing between
the edge of the GR to the edge of the LAE. The area ratio is the area of the LAE divided by the
area of the CE. Numerical modeling for the purpose of quantifying the sensitivity of VEI
measurements to these three factors is addressed in Chapter 4.

3.2

WE Floating Potential and the Guard Ring Effective Area
Current through a resistor is determined by the voltage drop across that resistor as shown

in Equation 8 where 𝐼 is the current through the resistor, 𝑉𝑖𝑛 is the potential on the input, 𝑉𝑜𝑢𝑡
is the potential on the output, and 𝑅 is the resistor value.
I = (Vin − Vout )R

(8)

Therefore, the amount of current supplied by the CE to the WE is determined both by the
impedance of the deck cover between the CE and the WE and the potential difference between
the CE and the WE, as shown in the schematic of Figure 25. While current from the GR cannot
not affect VEI with a tapped connection, it can affect VEI with an LAE connection because the
WE potential is now floating, as shown in Figure 25. Current from the GR passing through the
WE will increase the potential of the WE, which increases the potential difference between the
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CE and the WE. As seen in Equation 8, an increase in potential difference will decrease the
amount of current from the CE.

(a)

(b)

Figure 25: VEI using a (a) tapped connection and (b) LAE connection accounting for guard ring current.

The current from the GR is primarily determined by the impedance of the deck cover
between the GR and the WE, which is determined by the effective guard ring area. The effective
guard ring area, similar to the effective probe area, is the effective deck cover area which current
from the GR can travel through, shown in Figure 26.

Figure 26: Effective guard ring area.
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4

4.1

NUMERICAL SIMULATIONS

Models
To quantify the sensitivity of VEI measurements, an analytical model (AM) and a finite-

element model (FEM) were developed using the physical models in Figure 7 and Figure 23 as
references. As depicted in Figure 27, both models had six components, including three electrodes
(the LAE, CE and GR) and a bridge deck with three layers (water, deck cover, and reinforcing
steel). The AM is a mathematical model that compares VEI measurements using the tapped
connection as calculated in Equation 3 with the LAE connection as calculated in Equation 6,
while the FEM is a numerical simulation developed in ANSYS 18.1 that can model the current
flow from the CE and GR to the WE and LAE.

Figure 27: Isometric view of the finite-element model in which the CE, GR, and LAE are shown on top of a water
layer on a bridge deck surface.
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The thickness of the water layer was specified to be 0.254 mm, and the thickness of the
deck cover was specified to be 63.5 mm. The metal layers used to represent the electrodes (CE,
GR, WE, and LAE), were all specified to be 12.7 mm thick. In both the AM and FEM, the
concrete resistivity values ranged from 102 Ω − m for moist concrete to 106 Ω − m for air-dried
concrete [5, 8, 9, 30]. The water resistivity values ranged from 2 Ω − 𝑚 for water containing a
conductive detergent to 2000 Ω − m for pure water [31].

4.2

Counter Electrode Effective Area
To properly satisfy Equation 7, the section of deck cover through which current from the

CE can travel to the WE, or the effective area of the CE, must be approximately known. As
noted by Feliu, the confined section will not be perfectly cylindrical [21]. The goal of this
simulation is to define how the effective area changes under various resistivity combinations.
The FEM model was used to simulate VEI testing with a tapped connection. For each resistivity
combination, the impedance (𝑍) was calculated from the current density through the CE (𝐽), the
cross-sectional area (𝐴𝐶𝐸 ), and the known voltage (𝑉), as shown in Equation 9.
𝑍=

𝑉

(9)

𝐴𝐶𝐸 ∗ 𝐽

The effective area was then calculated from Equation 1 using the known deck cover resistivity
(𝜌𝐶 ), the deck cover thickness (𝐿𝐶 ), and the calculated impedance. The expected effective area of
the CE, based on Equation 5, is 0.10 m2 . Expressed as percentages, the deviations from the
expected effective area for various resistivity combinations are displayed in in Table 1. All but
three resistivity combinations are within 10 percent of the expected effective area.
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Table 1: VEI deviation (%) from expected effective area for various resistivity combinations from FEM simulations.

As indicated in Table 1, deviations from the expected effective area are small (less than 10
percent) except when the water resistivity is comparable to or larger than the deck cover
resistivity. Under this condition, the current will not spread through the water but will instead
spread primarily through the deck cover, as shown in Figure 28, and the VEI measurement will
be less than expected. When the water resistivity is less than the deck cover resistivity, the
current spreads through the water and travels in a primarily vertical direction through the deck
cover, also shown in Figure 28. In this situation, the measured volume will form a cylinder with
an effective area as defined in Equation 5.

Figure 28: Cross-sectional view of vector current density (A/m) through deck cover under the CE (Green) and GR
(Red). The top vector map has a deck cover resistivity of 1x103 Ω − m and water resistivity of 2x103 Ω − m, while
the bottom vector map has a deck cover resistivity of 1x103 Ω − m and water resistivity of 2x100 Ω − m.
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4.3

Electrode Separation Distance
The LAE is electrically connected to the CE and the GR through the water layer, in

addition to the current path through the deck cover and rebar. Therefore, the electrodes should be
appropriately spaced to mitigate any negative effects caused by this electrical short; an important
goal of this research was to determine the degree to which electrode separation distance
influences VEI measurements with the LAE connection.
The FEM model was configured to vary the distance between the edge of the GR to the
edge of the LAE, for three distances: 0.254 m, 3.81 m and 8.89 m. VEI measurements using both
the tapped and LAE connections were simulated for each resistivity combination and each
electrode separation distance. The LAE area was 100 times larger than the effective probe area.
The simulation results are displayed in Table 2, which shows deviations, expressed as
percentages, in the VEI measurements with the LAE connection relative to those with the tapped
connection under the same conditions. While the marginal increases (less than 8 percent) in VEI
for the LAE connection compared to the tapped connection were relatively constant across the
three electrode separation distances for 17 of the resistivity combinations (highlighted in green in
Table 2), the magnitude of the increases in VEI for the remaining three combinations
(highlighted in yellow and orange in Table 2) increased (up to greater than 25 percent) with
increasing electrode separation distance. These combinations are characterized by a deck cover
resistivity that is five or six orders of magnitude larger than the water resistivity. Therefore, the
electrode separation distance is expected to influence VEI measurements only when the deck
cover is much more resistive than the water.

25

Table 2: VEI deviation (%) between the tapped and LAE connection for various resistivity combinations over three
electrode separation distances.

Through exploration of the current vectors in the FEM, the sensitivity of the increase in
VEI to electrode separation distance was caused by the effect of the GR current on the floating
WE potential. For VEI testing with an LAE connection, because the WE potential is floating, it
is influenced by current from the GR. As shown in Figure 29, when the deck cover resistivity is
much higher than the water resistivity, current from the GR spreads through the water layer over
a greater area than would occur when the deck cover resistivity is comparable to the water
resistivity. As the current spreads through the water layer over a greater area, the impedance
between the GR and the WE decreases. As a result of the lower impedance, more current from
the GR travels through the WE. As more current travels through the WE, the voltage potential of
the WE increases. As the WE potential increases, the potential difference between the CE and
the WE decreases, which reduces the current required to satisfy Ohm’s Law between the CE and
the WE and artificially increases the VEI measurement. Therefore, as the electrode separation
distance increases, more current is supplied by the GR into an expanding area, and the VEI
measurement increases.
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(a)

(b)
Figure 29: Current density maps for when (a) the deck cover resistivity is much higher than the water resistivity and
(b) the deck cover resistivity is comparable to the water resistivity.

To illustrate this, a combination of high deck cover resistivity of 106 Ω − m and low water
resistivity of 2x100 Ω − m was evaluated in an additional simulation in which the electrode
separation distance was steadily increased. This resistivity combination was selected because it
showed the largest sensitivity to electrode separation distance in Table 2. As depicted in Figure
30, the results of this simulation show that, as the electrode separation distance increases, the WE
potential increases while the current flow from the CE decreases. Indeed, the WE potential curve
is almost a perfect inverse to the CE current curve. As the WE potential increases, the potential
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drop between the CE and the WE decreases, which proportionally decreases the current leaving
the CE. This consideration is unique to the LAE connection because a tapped connection should
never have a potential change across the physical tap to the underlying rebar. In practice, this
resistivity combination will occur only rarely, and VEI measurements should not be expected to
be sensitive to electrode separation distance under normal circumstances.

Figure 30: Relationships between CE current, WE potential, and electrode separation distance between the GR and
LAE.

4.4

Electrode Area Ratio
The electrode area ratio is defined as the area of the LAE divided by the area of the CE. If

the ratio is high, so that the area of the LAE is much greater than that of the CE, then VEI
measurements with an LAE connection should not be significantly different than VEI
measurements with a tapped connection under typical testing conditions. In this research, two
approaches were used to accomplish the goal of quantifying how the area ratio affects VEI
measurements with an LAE connection. First, a baseline was developed using the AM. Second,
the FEM was used to verify the AM. In both models, as the area of the LAE increases, the VEI
should converge to that measured with a tapped connection (𝑍𝐶,𝐶𝐸 ).
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In these simulations, the deck cover resistivity was specified to be 1x103 Ω − m, and the
water resistivity was specified to be 20 Ω − m. The electrode separation distance was specified
to be 0.254 m. These values were selected to exclude the effects of the CE effective area and the
electrode separation distance. The results of the simulations, which are shown in Figure 31,
demonstrate that VEI progressively converges to 𝑍𝐶,𝐶𝐸 with an increasing area ratio.

Figure 31: Comparison of VEI measurements across electrode area ratio for results obtained from the AM and FEM
for LAE and tapped connections.

Additional simulations of VEI measurements using both tapped and LAE connections were
performed for various resistivity combinations in the FEM. For each resistivity combination, four
area ratios were specified over a wide range to ensure that the expected decreasing exponential
trend would be exhibited. The simulation results are displayed in Table 3, which shows
deviations, expressed as percentages, in the VEI measurements with the LAE connection relative
to those with the tapped connection under the same conditions. The data demonstrate that, for all
resistivity combinations, the magnitude of VEI deviation decreases with increasing area ratio;
that is, with increasing area ratio, the VEI deviations progressively converge towards zero, which
would indicate equal VEI measurements for both connections. For especially the higher area
29

ratios (highlighted in green in Table 3), the results also show that VEI deviations are relatively
constant for the resistivity combinations presented for a given area ratio, which suggests that
application of a ratio-specific correction factor may be possible. Regarding the results for the
lowest area ratio, for which the VEI deviations exhibit higher variability, the three resistivity
combinations characterized by a deck cover resistivity that is much higher than the water
resistivity (highlighted in yellow and orange in Table 3), resulted in lower impedance deviations
than the other 17 resistivity combinations (highlighted in red in Table 3). As previously
explained regarding the CE effective area, when the water resistivity is less than the deck cover
resistivity, the current spreads through the water and travels in a primarily vertical direction
through the deck cover, from the WE to the LAE. In effect, the water extends the area of the
LAE, which results in a lower impedance and a faster convergence of the LAE connection results
to the tapped connection results. Therefore, application of a correction factor may not be possible
for such a low electrode area ratio.
Table 3: VEI deviation (%) between the tapped and LAE connections for various resistivity combinations at four
electrode area ratios.

4.4.1

Laboratory and Field Experiments for Area Ratio
Laboratory and field experiments were performed to verify the results from the FEM

about how the electrode area ratio affects VEI measurements with an LAE connection. A
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laboratory experiment was conducted on a concrete slab constructed using uncoated rebar, as
shown in
Figure 32; the slab was a section of a decommissioned bridge deck removed from
Interstate 15 in northern Utah just prior to demolition of the bridge in 2012. Given that the bridge
deck had been in service since 1937, the slab exhibited distress levels typical of a bridge deck
after many years of service. A small VEI probe having an area of 0.032 m2 was constructed
along with eight individual LAE sections each having an area of 0.20 m2. For construction of the
probe, a conductive cloth was placed over a circular piece of medium-density foam and then
stapled to a wooden frame. The probe was moistened with water, placed on the slab, and held
against the slab surface with concrete weights to ensure full contact. The rebar exposed along the
edges of the slab provided a convenient means for installing a tapped connection for VEI
measurements. In the testing, an alternating potential with a frequency of 190 Hz was applied to
the deck through the CE. This frequency was selected to avoid constant-phase element effects
from the concrete-electrode interface on the deck and at the rebar surface. After VEI
measurements were obtained with the tapped connection, the tap was disconnected, and the
ground reference for the measurement equipment was instead connected to a single LAE section,
which was moistened with water before being placed on the slab near the measurement
equipment. After VEI measurements were obtained with the single LAE section, a second LAE
section was placed on the concrete slab and electrically connected to the first LAE section for
additional VEI measurements. This process was repeated, with one LAE section being added at a
time, until VEI measurements were obtained for all eight LAE sections. The results of this
experiment are shown in Figure 33, in which the VEI deviations between the tapped and LAE
connections are presented for the AM, FEM, and laboratory tests. In particular, the data show
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that VEI deviations increase substantially at smaller area ratios, consistent with the modeling
results presented earlier.

Figure 32: Laboratory experimentation on a concrete slab to evaluate the effect of electrode area ratio on VEI
measurements with an LAE connection to rebar.

Figure 33: Comparison of VEI deviations across electrode area ratio for results obtained from the analytical model,
finite-element model, and laboratory tests.

A field experiment was performed on a parking garage on the Brigham Young University
campus. The parking garage was constructed using epoxy-coated rebar. The same VEI apparatus
and procedures utilized for the laboratory experiment was used for the field experiment, as
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shown in Figure 34. However, because a tapped connection was not available at the time of the
experiment, data were collected using only an LAE connection. The results of this experiment
are displayed in Figure 35, which shows the same trend as that displayed in Figure 31.

Figure 34: Field experimentation on a parking garage deck to evaluate the effect of electrode area ratio on VEI
measurements with an LAE connection to rebar.

Figure 35: VEI measurements across electrode area ratio for results obtained from the field tests.

From Figure 33, the derivative of the VEI deviation curve for the FEM analysis is
plotted in Figure 36, which shows that, at lower area ratios, minor changes in the area ratio can
change the measured VEI by 1 to 2 percent for each unit of area ratio. This finding is an
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important consideration in field tests because the actual area of the LAE may dynamically
change during testing based on movement of the LAE elements and the geometry of the water
distribution under the LAE on the bridge deck surface.

Figure 36: Sensitivity of VEI measurements to changes in electrode area ratio.

4.5

Discussion of Design Considerations
VEI testing using an LAE connection is particularly sensitive to two parameters: 1) the

area ratio between the CE and the LAE and 2) the resistivity combination of the deck cover and
water. Under a variety of resistivity combinations, VEI measurements obtained with an LAE
connection deviated by as much as 20 percent from those obtained with a tapped connection. To
mitigate this deviation, the following design considerations should be implemented.

4.5.1

Counter Electrode Effective Area
When the deck cover resistivity is comparable to the water resistivity, the effective area

was shown to decrease. As the effective area decreases, the VEI measurement deviation
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increases. This potentially could be a problem during a field test, where the water and deck cover
resistivity values are unknown. Correcting the effective area would be difficult in real time,
although some correction could be attempted using the data from Table 1. Instead, however, the
possible effects of a given resistivity combination on the effective CE area can be mitigated by
consideration of the deck condition in preparation of a corresponding conductive liquid to couple
the electrodes to the deck surface. When the deck cover is known to be in poor condition, such as
in cases where damage or deterioration is apparent, a conductive agent can be added to the water,
while a conductive agent would not be necessary on a deck cover known to be in good condition.
Decreasing the resistivity of the water in such circumstances should yield a more consistent
effective probe area across the deck and more consistent VEI measurements.

4.5.2

Electrode Separation Distance
In cases where the deck cover resistivity is much higher than the water resistivity, the

LAE should be placed near the GR to reduce measurement sensitivity to the electrode separation
distance. A spacing of approximately 0.254 m was sufficient for the experiments in this work.
Outside of this condition, the electrode separation distance was shown to have negligible effect
on VEI testing using the LAE connection.

4.5.3

Area Ratio Correction Factor
The results from the FEM simulations were used to compute a ratio-specific correction

factor that can be applied to VEI measurements obtained using an LAE connection to
approximately match those obtained using a tapped connection. To determine the correction
factor, a logarithmic fit of the VEI deviation across area ratio was generated from data obtained
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using the FEM, as shown in Figure 33. The correction factor is shown in Equation 10, where 𝑥 is
the area ratio between the LAE and the CE.
𝐶𝐹(𝑥) = 0.1387 + 0.3384 log(𝑥) − 0.03495 log(𝑥)2

(10)

Corrected VEI measurements are shown in Figure 37. The VEI deviation for the
uncorrected LAE connection is 68 percent across all area ratios, on average, while the VEI
deviation for the corrected LAE connection is only 13.7 percent across all area ratios, on
average.

Figure 37: Comparison of VEI measurements across electrode area ratio for results representing an uncorrected LAE
connection, a corrected LAE connection, and a tapped connection.

In addition to the correction factor, Figure 36 should be consulted when designing the
LAE. Smaller area ratios permit larger VEI deviations as the LAE area fluctuates. Once an
appropriate area ratio is chosen, however, a ratio-specific correction factor can be applied. The
FEM simulations also showed that, when the deck cover resistivity is much higher than the water
resistivity, the area ratio will have less of an impact on the VEI measurements.
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5

APPARATUS

Both single-channel and multichannel VEI scanners comprising the same measurement
probe were designed and constructed in this study. The effective area of the measurement probe
was designed with sufficient length (22 cm) and width (33 cm) to ensure that it would always be
directly over at least one longitudinal or transverse rebar during testing of a bridge deck; the
spacing between longitudinal and transverse rebar typically ranges from 15 cm to 30 cm [32].
With these dimensions, the effective measurement area was approximately 0.036 m2. The
measurement probe consisted of brushes made from 0.8-mm-diameter 302/304 stainless steel
wire rope, as shown in Figure 38a. The wire rope was flexible enough to adapt to the rough
surfaces typical of some bridge decks while being stiff enough to maintain good electrical
contact with the deck surface, and it was also corrosion-resistant. The stainless steel rope was
fastened to stainless steel strips that were in turn mounted to a non-conductive plastic base.

(a)
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(b)
Figure 38: (a) Measurement probe constructed using stainless steel wire rope brushes and (b) single-channel VEI
scanner.

For the single-channel scanner, one measurement probe was attached to the bottom of a
cart that could be easily pushed across a concrete surface by a single person, as shown in Figure
38b. The cart was also equipped with an electronic data acquisition system placed on top of the
cart and a distance-measuring instrument mounted to the rear axle. This scanner was used in
early experiments to validate the equipment using a tapped connection.
A first version of the multichannel scanner was constructed with three measurement
probes, two LAEs, an electronic data acquisition system, a distance-measuring instrument, and a
sprinkler system, as shown in Figure 39a. With three measurement probes, the multichannel VEI
scanner could simultaneously obtain measurements across a width of 1.8 m. Each LAE was
constructed from chains to form a grid with dimensions of 1.8 m wide by 2.1 m long, for an area
of 3.78 m2. The area ratio between a single LAE and a single measurement probe was just
slightly greater than 100, which would be expected to produce results comparable to those of a
tapped connection [33]. Use of two LAEs, with one in front of and one behind the measurement
probes as shown in Figure 39a, allowed the apparatus to maintain an electrical connection with
the rebar even across bridge deck joints between electrically discontinuous deck sections.
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Constructed with telescoping aluminum frame elements, the LAE could be rapidly expanded for
testing or contracted if not needed, such as when a tapped connection was being used, or for
travel between sites. Furthermore, the addition of hinges between the sections allowed for quick
folding and unfolding of the entire apparatus using a winch, as shown in Figure 39b.
As shown in Figure 39c, a second version of the multichannel scanner was constructed
with specific improvements that were implemented after initial testing was performed. A singlechannel light detection and ranging (LiDAR) unit was added to the scanner to improve spatial
localization of the scanner on the bridge deck in the transverse direction with reference to the
parapet walls. In addition, the rear LAE frame was removed to accommodate a detachable LAE.
Finally, folding wings were added to the sides of the scanner to enable placement of one more
measurement probe on the left side and two more measurement probes on the right side; these
modifications doubled the number of measurement probes from three to six and increased the
measurement width to 3.65 m, equivalent to the full width of a typical lane.

(a)
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(b)

(c)
Figure 39: (a) First version of the multi-channel VEI scanner, (b) multi-channel VEI scanner in the folded position,
and (c) second version of the multi-channel VEI scanner.
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6

6.1

TRADITIONAL VS LAE

Results for Parking Garage
An upper deck of a concrete parking garage in northern Utah served as a platform for

initial testing of both the single-channel and multichannel VEI scanners. The approximately 30m section of the parking garage deck that was selected for testing included both deteriorated
concrete and intact concrete, as illustrated in Figure 40. As the deteriorated concrete was in close
proximity to a drain at the bottom of a slope, the damage, which was in the form of scaling, was
likely caused by the accumulation of water and deicing salt at that location. The parking garage
had a bare deck and was constructed using epoxy-coated rebar. For the testing, a rebar tap, which
is shown in Figure 41a, was installed in the corner of the parking garage deck approximately 10
m from the lower end of the test section.

(a)

(b)

Figure 40: (a) Parking garage test section with (b) visible scaling toward the bottom of the slope.
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The single-channel scanner with the tapped connection to the rebar was used to scan the
test section four times over the course of an hour. As shown in Figure 41b, water was applied to
the deck to electrically couple the measurement probe to the deck surface during the testing,
which was performed at walking speed. The results of all four tests are displayed in Figure 42, in
which a lower impedance magnitude indicates a higher probability of chloride ion ingress. The
average impedance magnitude for tests 1, 2, 3, and 4 was 4.4, 4.5, 4.5, and 4.5, respectively (an
impedance magnitude of 4.5, for example, indicates an actual impedance value of 104.5 Ω). The
results not only indicate a high degree of repeatability, but they are also consistent with the
visual observations of deterioration. For example, the VEI is lower from 0 m to about 16 m,
which was toward the bottom of the slope in the area with deteriorated concrete, and the VEI is
higher from about 16 m to 30 m, which was toward the top of the slope in the area with intact
concrete. While minor variations between each test exist, the data were determined to be
sufficient for validating the equipment, and additional measurement probes were then fabricated
for use in the multi-channel apparatus.

(a)
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(b)

(c)
Figure 41: (a) Tapped connection, (b) testing using the single-channel VEI scanner, and (c) testing using the multichannel VEI scanner at the parking garage test section.
.

Figure 42: Results of four single-channel VEI tests obtained using a tapped connection at the parking garage test
section.
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The multi-channel scanner was used to perform four tests at the same parking garage over
the course of two hours. For comparison, two tests were performed using the tapped connection,
and two tests were performed using the LAE connection. As shown in Figure 41c, water was
again applied to the deck to electrically couple the measurement probe to the deck surface during
the testing, which was also performed at walking speed. The results of all four tests are shown in
Figure 43. The average impedance magnitude for tests 1 and 2 with the tapped connection was
4.5 and 4.3, respectively, while the average impedance magnitude for tests 1 and 2 with the LAE
connection was 4.3 and 4.3, respectively. The results not only exhibit a relatively high degree of
repeatability, but they are also consistent with the results obtained using the single-channel
scanner. As shown in Figure 43, the VEI measurements obtained using the LAE connection are
slightly lower than those obtained using the tapped connection from 0 m to about 15 m. This
result likely occurred because the impedance between the tap and the rebar under the
measurement probes was higher than the impedance between the LAE and the underlying rebar.
The data suggest that the rebar may not be electrically continuous in some decks. Specific to the
parking garage, the higher impedance between the tap and the rebar under the measurement
probes may be at least partially attributable to the potential absence of significant defects in the
epoxy coating on the rebar, for example. Thus, an LAE connection may actually be preferred
over a tapped connection in some cases.
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Figure 43: Results of four multi-channel VEI tests obtained using LAE and tapped connections at the parking garage
test section.

6.2

Results for Bridge Decks
After successful initial testing of the single-channel and multi-channel VEI scanners at the

parking garage, two bridge decks in northern Utah were tested. Bridge deck 1 was constructed in
1997 with epoxy-coated rebar and an asphalt overlay placed at the time of construction. Bridge
deck 2 was constructed in 1988 with epoxy-coated rebar, and an asphalt overlay was added in
2010. While bridge deck 1 experienced comparatively light trafficking, bridge deck 2
experienced heavy trafficking. On each deck, a rebar tap was installed, and VEI testing was
subsequently performed with the multi-channel scanner at walking speed using the tapped
connection and the LAE connection. Water was applied to the deck surfaces using the sprinkler
system; for convenience, only one LAE was used for testing of these single-span decks.
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The results for both bridge decks are shown in Figures 44 and 45, in which the transverse
distance is measured from the inside face of the parapet wall and the longitudinal distance is
measured from the joint between one end of the deck and the adjacent approach slab. For bridge
deck 1, the average impedance magnitude was 6.2 and 6.3 for the tapped connection and the
LAE connection, respectively. Furthermore, the results obtained using the tapped and LAE
connections both show the same regions of low impedance. As shown in Figure 46a, these
regions correspond to a localized drainage problem, where the occurrence of standing water
would be expected to lead to increased chloride ingress during winter, and to a newly patched
rebar tap for which the emulsion in the asphalt repair material had not yet fully set. For bridge
deck 2, the average impedance magnitude was 5.5 for both the tapped connection and the LAE
connection, and the results again show the same regions of low impedance. As shown in Figure
46b, these regions correspond to moderate-severity longitudinal cracking in the wheel paths of
the tested lane, which would allow direct chloride ingress during winter, and also to a newly
patched rebar tap.

(a)
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(b)
Figure 44: Results of multi-channel VEI tests obtained on bridge deck 1 using (a) the tapped connection and (b) the
LAE connection.

(a)

(b)
Figure 45: Results of multi-channel VEI tests obtained on bridge deck 2 using (a) the tapped connection and (b) the
LAE connection.
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(a)

(b)

Figure 46: (a) Locations of standing water and a patched rebar tap (highlighted in red) on bridge deck 1 and (b)
locations of two longitudinal cracks and a patched rebar tap (highlighted in red) on bridge deck 2.

Although the VEI measurements obtained using the LAE connection were slightly lower
than those obtained using the tapped connection at the parking garage test section, Figures 44
and 45 indicate that, for both bridge decks, the VEI measurements obtained using the LAE
connection were slightly higher than those obtained using the tapped connection. These data
suggest that the rebar in both bridge decks was electrically continuous, and the lower VEI
measurements obtained using the tapped connection are consistent with the assumption of
electrically continuous rebar as investigated in earlier numerical studies [33]. However, the small
differences between the tapped and LAE connections are negligible compared to the order-ofmagnitude differences that characterize different bridge deck conditions, as illustrated in this
work.
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7

CONCLUSION

VEI measurements can quantify the level of protection offered to rebar against chloride
ion ingress. Like most other electrochemical assessment tools, VEI testing requires a connection
to the rebar. Instead of a direct connection to the rebar at a fixed point, however, a semi-direct,
low-impedance connection to the rebar can be made through placement of a sliding LAE on the
surface of the concrete deck. Importantly, the LAE connection is completely non-destructive and
can be rapidly deployed.
The LAE is a promising technology that can replace a tapped rebar connection. The LAE
introduces several variables that affect measurement accuracy, including the resistivity
combination between the deck cover and water, the electrode separation distance, the effective
probe area, and the area ratio between the LAE and the CE. An AM and FEM were developed
and validated with laboratory and field tests. From the results of the AM simulations, FEM
simulations, laboratory tests, and field tests, design considerations were developed for each of
these variables. The considerations outlined in this paper should allow proper implementation of
a VEI measurement system without a tapped connection to the underlying WE.
In this work, a complete multi-channel VEI scanner and LAE were constructed and
demonstrated in the field. For all of the test sections, the VEI measurements obtained using the
LAE connection were comparable to those obtained using a tapped connection and consistent
with visual observations of deterioration. VEI measurements, in conjunction with additional data
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from other nondestructive evaluation techniques, can enable more rational planning of
rehabilitation activities.
Future work for this project includes the following:
•

Improve the LAE design and material to reduce setup/take down time and the long-term
durability and maintenance. After our field work, the LAE became dirty which decreased
electrode conductivity.

•

Improve the apparatus housing to allow better maneuverability during testing. Once set
up, we found it difficult to physically move the apparatus to other deck locations, or even
to back up.

•

Increase measurement speed. Our electronics could measure three samples a second, which
can be increased. While the measurement speed was on the order of a few minutes, this can
be decreased.

•

Improve the measurement localization on the bridge deck. The distance measurement and
lidar units were sufficient for this work to localize deck position, but improved localization
will greatly increase the benefits of this work for bridge managers.

•

Conduct additional studies in the field of the sensitivity of this method to the various
conditions of bridge decks, especially when there may be membranes present on the deck.

•

Determine whether the soaking time of the deck cover after water is applied has any effect
on this method.
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APPENDIX A

A.1

Effective Guard Ring Area Model MATLAB Code

This code models how the effective guard ring area changes the rebar potential and the estimated
impedance under the counter electrode.
close all; clear all;
Zce = 1e3;
Zgr = logspace(1,5);
Zpar = 1./(1./Zce+1./Zgr);
Zlae = 1e2;
Vin = 3.3;
I = Vin./(Zpar+Zlae);
Vout = Vin .* Zlae./(Zlae + Zpar);
Ice = (Vin - Vout) ./ Zce;
Igr = (Vin - Vout) ./ Zgr;
figure(1)
yyaxis left
semilogx(1./(Zgr./Zce),Vout,'linewidth',3.0)
ylabel('Rebar Potential (V)','FontSize',15)
ax = gca;
ax.FontSize = 13;
yyaxis right
loglog(1./(Zgr./Zce),Vin./Ice,'linewidth',3.0)
ylabel('VEI Impedance (\Omega)','FontSize',15)
title('Effective Guard Ring area on rebar potential and VEI impedance')
xlabel('GR Area Relative to CE Area','FontSize',15)
grid on; grid minor;
ax = gca;
ax.FontSize = 13;
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A.2

Analytical Model MATLAB Code

rhoWater = 2; %Ohm-m
rhoConcrete = 1e6; %Ohm-m
rhoWaterHigh = .2; %Ohm-m
rhoConcreteHigh = 1e6; %Ohm-m
waterDepth = 0.01 * 0.0254; %m
concreteDepth = 2.5 * 0.0254; %m
deckWidth = 102 * 0.0254; %m
electrodeSeperationDistance = (10:25:650) * 0.0254; %m
N = length(electrodeSeperationDistance);
effectiveArea = 160 * 0.00064516; %m
LAEArea = 84*191* 0.00064516; %m
ZlaeCon = rhoConcrete * concreteDepth / LAEArea;
ZlaeWat = rhoWater * waterDepth / LAEArea;
ZceCon = rhoConcrete * concreteDepth / effectiveArea;
ZceWat = rhoWater * waterDepth / effectiveArea;
ZhorCon = rhoConcreteHigh * electrodeSeperationDistance / (concreteDepth *
deckWidth);
ZhorWat = rhoWaterHigh * electrodeSeperationDistance / (waterDepth *
deckWidth);
Zce = ZceCon + ZceWat;
Zlae = ZlaeCon + ZlaeWat;
Zvei = Zce + Zlae
steps = 20;
fraction = 1/steps;
ZhorConf = rhoConcreteHigh * electrodeSeperationDistance / (concreteDepth *
fraction * deckWidth);
ZlaeConf = rhoConcrete * concreteDepth * fraction / LAEArea;
ZceConf = rhoConcrete * concreteDepth * fraction / effectiveArea;
ZhorWatf = rhoWaterHigh * electrodeSeperationDistance / (waterDepth / 2 *
deckWidth);
ZceWatf = rhoWater * waterDepth / 2 / effectiveArea;
ZlaeWatf = rhoWater * waterDepth / 2 / LAEArea;
Zstep = ZlaeConf + ZceConf;
for ii = 1:steps
ZparStep = 1./(1./ZhorConf + 1./(Zstep));
Zstep = ZlaeConf + ZceConf + ZparStep;
end
Zbottom = ZceWatf + ZlaeWatf + Zstep;
Zwatpar = 1./(1./Zbottom+1./ZhorWatf);
Zhorlae = ZceWatf + ZlaeWatf + Zwatpar;
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plot(electrodeSeperationDistance, Zce+Zhorlae,...
electrodeSeperationDistance,ones(1,N)*Zvei)
legend('Horizontal Impedance','Vertical Impedance','location','best')
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APPENDIX B

B.1

Guide to FEM in ANSYS 18.1 for VEI in tapped and LAE configurations
This discussion should be accompanied by the FEM developed in this thesis and is meant

to provide instruction to give the reader, 1) an overview of the FEM, and 2) instruction on how to
run the simulation discussed in this work.

B.1.1 Blocks

Figure 47: Ansys block diagram.

The finite element model consists of four unique blocks: Engineering Data, Geometry,
Electric, and Parameter Set. The Engineering Data and Geometry blocks feed into their
respective sections in both the REBAR and LAE Electric Model. This is shown in the above
figure as the blue lines. Each block reads and writes input and output parameters into the
Parameter Set block.
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Figure 48: Materials and their properties.

Engineering Data is the location of all the material properties. For my model, I made five
different materials: concrete, concrete couple, steel, water, and water couple. Material usage will
be explained later. Each material only has one property: isotropic resistivity. Isotropic resistivity
has uniform resistivity magnitudes for each dimensional vector, traditionally x, y and z. The
material property is made into a parameter by checking the box in E2 of the Properties table.

Figure 49: Geometry model editor.
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The geometry block is used to define the geometry of the model. A detailed explanation
is available with online resources, such as blog posts, YouTube, or the official documentation.
YouTube was heavily consulted.

Figure 50: Electric block outline.

The Electric Model block contains the Geometry information as well as the Mesh and
Steady-State Electric Conduction tools. The geometry section contains all of the bodies in the
geometry, as well as their material properties and assignment. The material can be changed
through the material assignment.
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Figure 51: Body properties.

Mesh is used to adjust the meshing tool parameters. This will be covered in the next
section. Steady-state electric conduction is used to define voltages and current density probes on
the bodies.

Figure 52: Design point tab; outline of all parameters and table of design points.

The parameter set design block gives access to the available parameters defined in the
model. Parameters can be input or output. Input parameters are parameters which change the
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model, such as resistivity values, geometry dimensions, or voltage potentials. Output parameters
are the simulations results such as total current density. Any parameter must be manually
selected in their respective locations.
The Outline of All Parameters summarizes both the input and output parameters that have
been selected. The name of the parameters can be modified here. The Table of Design Points is
used to define the input parameter values and display the output parameter results. A Design
Point is a specific set of input parameters and are equivalent to manually inputting the parameter
values and solving for the desired output parameters. Ansys 18.1 can automatically simulate all
the design point, allowing for easy automation. The Table of Design Points can be exported into
Excel or MATLAB for further analysis.

B.1.2 Meshing
The Mesh tool in the Electric block will define how the model is meshed. After extensive
testing, the following settings were found to provide a stable and mesh-invariant solutions.

Figure 53: Meshing options.
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B.1.2 Voltages
Three voltages are applied to the model: CE voltage, GR voltage and LAE/Rebar voltage.
The voltage settings are shown below. The CE and GR voltages were chosen to be 3.3 V to
match our electronics, while the LAE/Rebar voltage was set to 0 V as the ground reference.

Figure 54: Voltage options.

B.1.3 Probes
Two types of output parameters are used: total current density and electric voltage. These
are the output parameters for each simulation. There are two setting configurations for total
current density and one setting for electric voltage, shown below. The first total current density
settings shown in Figure 55 are used to measure the current density through wires placed on the
CE, GR and LAE. The second total current density settings shown in Figure 56 are used to
visually inspect the current vectors through the selected bodies or elements. The voltage probe
settings shown in Figure 57 are used to measure the voltage potential on the rebar.
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Figure 55: Wire probe settings.

Figure 56: Current vector settings.
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Figure 57: Voltage probe settings.

B. 2

Overview of Model

B.2.1 Bodies
The geometry was constructed from the base up using Plane, Sketch, Extrude, Freeze and
Slice. The flow of each layer is the following: First, a plane was defined. Second, if the layer
geometry needed to be changed, a sketch was added that defined the desired geometry. Third, the
layer was extruded to add depth (or height). Last, the layer was frozen to allow additional bodies
to be placed on top. Once the model was created, the Slice command was used to separate the
deck cover and water layers into three sections. The result is 14 bodies, shown in Figure 59.
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Figure 58: All bodies in model.

Starting at the bottom, there is a continuous rebar layer, shown in the following Figure
60. The rebar is made of the steel material defined earlier.

Figure 59: Rebar body.

On top of the rebar layer is the deck cover layer. The deck cover is split into three sections. First
is the deck cover underneath the LAE and CE, shown in blue in Figure 61. The third section is a
coupling section which connects the concrete underneath the CE to the concrete under the LAE,
shown in green in the following figure. The colors indicate the material section. The blue
sections are assigned the concrete material and the green section is assigned the concrete couple
material.
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Figure 60: Deck cover bodies.

The water layer is placed on top of the deck cover, as shown in Figure 62. The water layer is also
split into three sections: the water under the LAE, the water under the CE and then a coupling
layer of water. The water under the LAE and CE is shown in blue and the coupling water is
shown in green. The blue sections are assigned the water material and the green section is
assigned the water couple material.

Figure 61: Water bodies.

On top of the water layer are three electrodes—the LAE, CE and GR—as shown in yellow in
Figure 63. Each electrode has a single element body placed on top called a wire. The wire is
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designed to be a single element so that the current density can be easily calculated from built in
integration operations. All electrodes are assigned the steel material.

Figure 62: Electrode bodies.

There is a ring around the GR shown below. It does not have a square wire on top of it. This ring
does not influence the results and is only used to easily slice the deck cover and water layers to a
desired radius around the GR.

Figure 63: Wire bodies on the CE and GR.
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B.2.2 Sketches
A sketch defines the dimensions and constraints of the geometry. The model contains five
different sketches shown in the following figures. The sketches are highlighted in yellow.

Figure 64: Sketch 1 defines the width and length of the deck.

Figure 65: Sketch 2 defines the CE, GR and LAE.
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Figure 66: Sketch 3 defines the wires on top of the CE and GR.

Figure 67: Sketch 4 defines the wire on top of the LAE.

Figure 68: Sketch 5 defines the radius of the deck cover under the CE and GR.
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B.2.3 Rebar vs LAE block
There are two Electric Model blocks labeled REBAR and LAE. The only difference
between these two blocks are the locations of the ground reference. The ground reference is
where the 0 V potential is applied. The REBAR block has the ground reference on the bottom
rebar face as shown below.

Figure 69: Voltage applied to rebar.

While the ground reference in the LAE Electric model is applied to the top of the wire on the
LAE, shown below.

Figure 70: Voltage applied to wire.
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B.3 Total Current Density Results
The total density current probe is setup to return two different results. The settings for
these are located in the Probe section above. The first result is the current density through the
wire. The solution is setup to integrate over the single element wire, which gives a single number
back. Either the minimum or maximum can be selected as the output parameter, denoted by the
blue “P” in the box, as shown below.

Figure 71: Current density results through a wire.

The second total density current probe is setup to return the current vectors across the desired
bodies, as shown below. This is useful for a visual analysis of how the current is traveling
through the selected bodies.

Figure 72: Current density vectors through a cross section of the deck cover around the measured probe.
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B.4

Input Parameters
The following parameters are available in the model. These can be found in the

Parameter Set block in the Table of Design Points. A brief description of each parameter is given
below.
•

Water - Resistivity of the water layer sections under the LAE and CE

•

Concrete - Resistivity of the deck cover layer under the LAE and CE

•

Water Coupling - Resistivity of the water layer section which connects the water layer
sections under the LAE and CE.

•

Concrete Coupling - Resistivity of the deck cover layer section which connects the deck
cover sections under the LAE and CE.

•

GR to LAE Separation Distance - Distance between the edge of the GR and the edge of the
LAE.

•

LAE Length - Length of the LAE. To calculate the area, multiply the fixed width and the
LAE Length.

•

Deck Length - The length of the Deck. This parameter is used to make sure the deck length
scales with either the separation distance or the LAE length. To set this parameter

•

CE Deck Radius - The CE deck radius is radius of the circle which defines the amount of
deck cover under the CE before it reaches the coupling sections.

B.5

Output Parameters
The following output parameters were used in this model.

•

Total Current Density - CE Wire - The current density through the wire on top of the CE.
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•

Total Current Density - LAE Wire - The current density though the wire on top of the LAE.
ANSYS will return a magnitude, so this value should be negated to account for direction of
travel.

•

Total Current Density - GR Wire - The current density through the wire on top of the GR.

•

Voltage – Rebar - The voltage potential on the rebar.

To convert the current densities to current, multiply the result by the area of the top face of the
wire. The area of the top face of the wire is 0.00064516 m2 .

B.6

Experiment Setup
There are four setups that this model was used for. Probe effective area, electrode

separation distance and area ratio, and GR effective area. These experiment setups will be
explained.

B.6.1 Probe Effective Area
The goal of this simulation is to explore how the water and deck cover resistivities affect
the CE current density. The two input parameters used are water and deck cover resistivity. The
water coupling and deck cover coupling resistivities were set to match the water and deck cover,
respectively. The only output parameter used was the Total Current Density – CE Wire. Only the
results from the REBAR Electric block were used.

B.6.2 Electrode Separation Distance
The goal of this simulation is to explore how the electrode separation distance affected
the CE current density. Three input parameters were used: water resistivity, deck cover
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resistivity, and LAE to GR distance. The output parameters used were the Total Current Density
– CE Wire for both the REBAR and LAE Electric blocks. The water coupling and deck cover
coupling resistivities were set to match the water and deck cover, respectively. The deck length
was set to match the electrode separation distance plus a small amount to cover the CE and GR
diameters.

B.6.3 Area Ratio
The goal of this simulation is to explore how the LAE length affects the CE current
density. Three input parameters were used: water resistivity, deck cover resistivity, and the LAE
length. The output parameters used were the Total Current Density – CE Wire for both the
REBAR and LAE Electric blocks. The water coupling and deck cover coupling resistivities were
set to match the water and deck cover, respectively. The deck length was set to match the LAE
length plus a small amount to cover the CE and GR diameters.

B.6.4 GR Effective Area
The goal of this simulation is to explore how the GR Effective Area affects the CE
current density. Three input parameters were used: water resistivity, deck cover resistivity, and
the CE Deck Radius. Three output parameters were used for both the REBAR and LAE Electric
blocks: The Total Current Density – CE Wire and Total Current Density – GR Wire and the
Voltage – Potential. The water coupling and deck cover coupling resistivities were set to
1E9 Ω − m to electrically disconnect the deck cover and water sections underneath the LAE and
CE.

74

